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Abstract: The angular distribution of ®B elastic scattering cross section on 2’Al is studied at two energies above the Coulomb
barrier, namely15.3 and 21.7 MeV. The analysis is performed in the framework of optical model (OM) potential. Semi-
phenomenological and microscopic OM potentials are used. The sensitivity of our results to density distribution shape of B
nucleus is presented. Good agreement with the experimental data is obtained without renormalization factors. The calculated

total reaction cross section is presented and compared with previous analysis.
Keywords: Optical potential, Double folding, Elastic scattering, Nuclear reactions, Halo nuclei.

1 Introduction

The so-called halo nuclei attracted a great attention in last
decades [1-9]. These nuclei are located near the driplines and
have interesting properties. Particular attention has been
given to some of these nuclei such as ®He and B because of
their exotic structure and it easy to get them as low-energy
radioactive beams [10-15]. 8B has a very low proton
separation energy (0.138 MeV), hence it has more
probability to ®B—’Be+p breakup. So, 8B have been
considered a p-halo nucleus [16-18].

Because of B has very interesting properties and it
has applications in important fields such as astrophysics
[19], there are many experimental and theoretical works in
the literature which interested in determining the unusual
properties and the relation between different reaction
channels in case of 8B . Experimentally, the halo formation
is confirmed for 8B using some measurements such as,
elastic scattering, quasi-elastic scattering, breakup reactions
as well as the total reaction cross section [20-25].

Among the most striking experimental observations
had appeared which clearly supported the existence of a
neutron halo in the nucleus is the momentum distribution
measurements. For ®B it has been found that 'Be has a
narrow momentum distribution in breakup reactions of 8B
on C, Al, and Pb targets [21]. As well as, the measurement
of interaction cross sections proved that ®B has a large root-
mean-square radius (rms) compared with heavier boron
isotopes [26,27]. Using the relativistic mean-field (RMF)

calculations J. S. Wang et. al. compared between the proton
and neutron radius of 8B. They found that 8B has proton
matter radius larger than that of the neutron matter
radius[28].

The elastic scattering differential cross section is
commonly used as a proof of existence of halo in 2B
[11,29,30]. In [11], the authors introduce an evidence for
existence of proton halo in B depending on the large value
of the reaction cross section. Experimental measurements
and theoretical calculations have been performed to elastic
scattering of 8B, "Be, and bLi on a *2C as a target [29]. The
deduced total reaction cross sections were compared with
that of weakly and tightly bound nuclei elastically scattered
on *2C as a function of energy. They found that, at energies
around coulomb barrier the reduced total reaction cross
sections are larger for *He and 8B than that of the weakly
bound nuclei, and the last is larger than that of the tightly
bound nuclei. However, when the date is taken from high-
energy experiments, there is difficulty to get evidence about
the halo formation in the projectile, this attributed to that the
halo is a surface phenomenon [29]. On the other hand, the
breakup effects found to be negligible in case of some targets
such as *2C [30].

In the present study, the differential cross sections
of proton halo nucleus B elastically scattered on 2’Al at two
incident energies above the coulomb barrier is calculated in
the framework of OM potential. Four different shapes of ¢B
density distribution is considered. This paper is organized as
following. Sec. 2 contains the description of the OM
potential that we used, while the results are presented in Sec.
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3. Finally, our main conclusions are presented in Sec. 4.

The previous discussion shows that the breakup
reactions has a large effect in case of systems involving the
very loosely bound 8B. The most common method that used
to study the effect of the breakup is the continuum
discretized coupled-channels (CDCC) method [29-34].
Lubian et al. [32] studded the breakup channel effects on
elastic scattering of ®B + %Ni. They found that the
experimental data is produced well when the continuum-
continuum couplings are included. As well, Lubian et al.
[35] carried out CDCC calculations to study effect of the
breakup on the fusion and quasi-elastic barrier distributions
for the same system. They found that the coupling with the
breakup channel leads to the barrier distribution occur at
higher energies. Recently the same proton-halo nuclei, is
theoretically studied using CDCC method but with heavier
nucleus 2%Pb as target [36]. They found that the elastic
scattering can well reproduced by considering only the
nuclear breakup.

On other hand the optical model potential (OM)
method is the traditional method to studying the elastic-
scattering differential cross sections and total reaction cross
sections theoretically. It has two main categories,
Woods-Saxon (WS) and double-folding (DF)
potentials. Lukyanov et. al. studied the structure of ®B
using OM potential calculations. They instructed DF
potential to calculate the elastic scattering cross section of B
on *2C, 58N, and 2Pb targets. The real part includes direct
and exchange terms, on other hand the imaginary part
depending upon high-energy approximation (HEA) method.
They concluded that, their microscopic DF potential can
used well in analyzing reactions of systems include very
exotic nuclei such as halo nuclei °B.

Most recent, Morcelle et. al. measured elastic
scattering angular distributions for the system 8B+?7Al at
energies above Coulomb barrier, 15.3 and 21.7 MeV [9].
They performed WS potential and CDCC calculations to
extract the angular distribution and reaction cross section. In
CDCC calculations they used the global double folding S&o
Paulo potential (SPP) [37]. Good agreement was achieved
by two methods and the comparison between the elastic
scattering with and without considering the breakup
channels shows that these couplings reduce the Fresnel peak
at backward angles and increase the reaction cross section.

2 Analysis of 8B+%’Al elastic scattering
2.1 Optical model potential

In OM potential, the nuclear interaction between the two
interacting nuclei is represented as potential with real V(R)
and imaginary W(R) parts according to the relation:

V, (R)=V (R)+iW (R), &

where R is the vector that separate between the projectile and
the target centers of mass. In this case, the total OM potential
is:

U(R)=V (R)+Vc(R), 2

where V¢(R) is a repulsive Coulomb potential, it is assumed
to has double-sharp cutoff Coulomb potential shape [38],
where,

where R, =1.3(A, +A, )" is the radius of sphere has a

uniform charge, Ar and Ar are the projectile and target mass
numbers, respectively. In Eq. (3), Zpr and Zt are the charge
numbers of the projectile and target nuclei, respectively. In
our work, we use the microscopic approach of the OM
potential, where both real part is calculated microscopely by
DF potential according to the following equation:

Vor (R) = [ po () r () 1, (5) AT,

# (4)
s =|R -7 +T|

where p, and p; are the projectile (®B) and the target

(¥Al) ground-state density distributions, respectively,
v (8) is the effective nucleon-nucleon (NN) interaction.
Here, we take the NN interaction to be energy- and density-
dependent form of M3Y effective interaction (DDM3Y),
where,

v (E,p,s) = g(E,s)f (E, p), )

where the original M3Y NN interaction g(E,s) [39,40] is
multiplied by a density-dependent factor f(E, p) where,
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Figure 1. The real part of the OP model at 21.7 MeV
calculated using 2PF, HF, VMC and GO density
distributions. The inset graves focus on a specific region.
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Figure 2. Same as Fig. 3 but at 15.3 MeV.

g(E,s) = (7999%5 — 2134
Joo(E)S(s),

=258
.5

)t (6)

where J,0(E)S(s) simulate the knock-on exchange effects
between the nucleons in the zero-range pseudo-potential, this
term is weakly dependent on the incident energy as shown:

Joo(E) = —276(1 — .005E)(MeV fm3).  (7)

And:

f(E,p) = C(E)[1 + a(E)e FE)P], )

where o, C and B are energy-dependent parameters, their
values are taken from [40], E is the incident projectile energy
per nucleon it has unit in MeV/nucleon. and p =

p1 (rl + %s) + Py (rz + %s) is the nuclear matter density of
colliding nuclei.

As a first step, the imaginary part of the optical potential is
treated phenomenologically by considering the Woods-
Saxon form factor f(R):

W(R) = Wof(R), 9)
Where W, is the imaginary potential depth and

fR) = —

T R—Ry.
exp(C2%)

(10)

where a is the diffuseness and the radius Ry can determine
using the relation R, =7ny(4Y> +AY?), where 7, =
1.3 fm is the reduced radii. Thus, the total OM potential (2)
takes the form

Ua(R) = NgVpr(R) + W f(R) + V.(R) (11)

In some cases, the imaginary part be the DF potential also,
hence the total OM potentials become

U(R) = (NR + iNI)VDF(R) + Vc(R)' (12)

where Nr and N, are the real and imaginary renormalization
factors.

2.2 Matter Density Distributions

In DF potential, the density distribution of colliding nuclei
is very significant, where it has information about the
structure of these nuclei. The OM analysis in this work
consider various shapes of the projectile density distribution.
For the target (*’Al) density distribution, we consider it has
2PF shape [41]:

_Po
1+ exp (r_R) ‘

a

papr(T) = (13)

where the radius R and the diffuseness a are equal 3.07 (fm)
and 0.519 (fm), respectively. The parameter p, can be
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produced from the normalization condition
41 [ p(r)r?dr = A, where A is the mass number. This
density form gives a root mean square (rms) radius of Al
equal 3.0621 fm. For the projectile (®B) density distribution,
we use three different shapes which consider various models
of the internal nuclear structure, these densities are discussed
in the following sub sections:

2.2.1 2PF density distribution.

The phenomenological 2PF, Eq. (13), is adopted to describe
8B density distribution. In this case values of the radius and
the diffuseness are R=1.8509 fm and a=0.5352 fm,
respectively [42]. This density produces rms radius of B
equal 2.774 fm. In spite of that, the proton halo formation in
case of ®B is still open issue [43,44].

proton HF

= = neutron HF
+ + = = proton VMC
neutron VMQ

p(r) (fm?)

0 2 4 6 8 10
r (fm)

Figure 3. The density distributions for 8B given all
considered densities. The inset graphs show Point-proton
and point-neutron density distribution calculated using HF
and VMC.

2.2.2 The Variational Monte Carlo (VMC) density
distribution.

The proton and neutron densities of B nucleus have been
obtained in a microscopic way by the Variational Monte
Carlo (VMC) method [45,46]. The VMC method uses a
realistic Hamiltonian containing the Argonne v18 (AV18)
two-nucleon potential and Urbana X three-nucleon
potentials (AV18+UX) to establish the variational wave
function. For the sake of comparison, we use B density that
obtained form Hartree-Fock (HF) calculations [30]

2.2.3 The Gaussian-Oscillator (GO) density
distribution
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Figure 4. Same as Fig. 1, but in linear scale.

The core ("Be) and halo (p) in 8B nucleus are presented with
different spatial distributions in some phenomenological
density forms. The Gaussian-Oscillator (GO) density
distribution considers the core has Gaussian density form:

3

3/2 372
pc(r) = (ﬁ) exp(— E), (14)

where R, the rms radii of the core. On other hand, the halo
density is taken to be 1p-shell harmonic oscillator density:

5 \%/r\2 5r2
) (—) exp(—ﬁ), (15)

5
pn(r) = §<2nR§ Ry

where R, the rms radii of the halo. Both R, and R;, radii
are related to the matter radius of the projectile R,, as:

(16)

m

N.RZ + N,R;,
Am

where N, , N, and A,, are numbers of nucleons in the core,
halo and the projectile, respectively. Hence, the total matter
distribution of ®B is given by:

Pm (1) = Nepc(r) + Nypp (1) (17)
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The values of is taken from [47], R, , R,,, equal 2.3 and
2.59 fm, respectively, and this density produces R;, =
4.06 fm.

3 Results and discussions

A comparison between the density shapes of 8B are shown in
Fig. 3 in logarithmic scale, and in Fig. 4 in linear scale. One
can observe that, the halo nature of B are represents by
extended tail in case of all considered densities. On other
hand, in the center, GO density has a larger value, while
VMC density has smallest radial extension. Both 2PF and
HF densities have quite similar behavior in the region r ~ 0-
5 fm. Also, there is deference between all of them in the outer
region. The proton halo nature of 8B appear clearly in the
inset graphs where the tail of the point-proton distribution is
obviously greater than that of point-neutron distribution.
These densities are considered when we study the OP
analysis, the results are presented in the following
discussion.

Table 1. The best fit W, values that produce best agreement
with the experimental data for all considered densities. The
energy (in MeV), reaction cross section in (mb) and chi
square per nucleon are also listed.

E Density Wy x?/N og
2PF 59.40 0.519 1232
217 HF 58.13 0.528 1233
VMC 61.21 0.505 1223
GO 56.72 0.547 1241

2PF 25.42 0.787 477

15.3 HF 23.79 0.799 476
’ VMC 29.76 0.806 474
GO 20.61 0.816 482

The DF potentials of 8B+%’Al elastic scattering at incident
energy 21.7 MeV are shown in Fig. 1 and that of incident
energy 15.3 MeV are shown in Fig. 2. The inset figures show
behavior of the potentials on the surface region. It is quite
noticeable that, the four density shapes produce potentials
almost have the same behavior. The difference in the
potentials derived using all densities slightly show up at the
interior region, the potential of 2PF has deeper depth than the
potentials of the other density distributions. For the sake of
comparison, we insert the DF potential at energies 21.7 and
15.3 MeV. By comparison between Fig. 1 and Fig. 2 one can
observe the reaction under study is weak energy dependence.
That is not a general observation because of the narrow rage
of the incident energy that considered. We can conclude that,
the OP of the system 8B+2"Al is low sensitive to the choice
of 8B density distribution. On the other hand, obviously, the
derived potentials shown in Fig. 1 and Fig. 2 reflect the
behavior of the corresponding density distributions shown in
Fig. 3 and fig. 4.

Table 2. The calculated total reaction cross section in (mb)
and chi square per nucleon are produced by Ug for all density
distributions.

E Density x*/N O
2PF 1.287 1024

217 HF 1.163 1059
VMC 1.102 1034
GO 0.963 1033
2PF 0.837 448
HF 2.725 481

153 VMC 1.278 374
GO 0.870 499

In the framework of OP model, the elastic scattering
differential cross section of the system 8B+2’Al is calculated
using DF potential based upon the density dependent version
of M3Y (DDM3Y) and the 2PF, HF, VMC and GO density
distribution. In our analysis we use two various models of
OM potential, semi-phenomenological and microscopic
OM, that we called them Ua and Ug, respectively. In the
semi-phenomenological approach, the real part is calculated
microscopely using, while, the imaginary part is calculate
phenomenologically using as shown in Eqg. (11). In the
microscopic approach, the optical potential is a complex
potential where the real and imaginary parts have the same
shape Eq. (12).

Fitting data procedure: the starting point in our
calculations is the WS parameters listed in [9]. Then the real
WS part is replaced by the folding one. We found that, good
fitting with the experimental data can obtained by
considering the imaginary depth W, as a free parameter
while the geometry parameters are fixed at R,, = 1.3 fm and
a=0.65 fm. In a second step the imaginary WS part is
replaced also by DF potential, in this case the free parameters
are Ny and N, for the system under study, we found that the
experimental data well produced by considering Nz = N; =
1. All calculations in this study are performed using
FRESCO code [48], while the fitting procedure is performed
using the subroutine SFRESCO.

The results of Ua are shown in Fig. 5 and Fig. 6 for incident
energies 21.7 and 15.3 MeV, respectively. And the results of
Ug are shown in Fig. 7 and Fig. 8, for incident energies 21.7
and 15.3 MeV, respectively. The best fit values for W,
energy cross section and y?/N are shown in Table 1. It is
clearly observed that, Ua gives good fitting for all densities
at both incident energies and this is reflected on the chi
square values shown in Table 1. There is no need to
renormalize the real part to get the experimental data.
Comparison between our results and the results of the same
system analyzed using full phenomenological potential [9]
shows that, at 21.7 MeV the calculated reaction cross section
using semi-phenomenological potential is larger
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Figure 5. Angular distribution of the ®B+2%’Al elastic
scattering differential cross section at 21.7 MeV and
calculated using Ua for all considered density distributions.
The circles are the experimental data from [9].
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Figure 6. Same as Fig 5 but at incident energy 15.3 MeV

than that calculated using full phenomenological potential
and vice versa for 15.4 MeV, this observation is achieved for
density distributions. The values listed in Table 1 show that,
at both energies, the GO density has lower imaginary depth
while the CMV density has higher one. As shown in Fig. 5
and Fig. 6, the deference between the curves is located at
backward angles and growth up at the region that don’t
contain experimental data, this difference increases with the
energy. The same behavior is observed in case of Ug as
shown in Figs. 7 and 8.

On other hand, the results Ug are shown in Table 2 and the
corresponding elastic scattering differential cross sections
are shown in Fig. 7 for incident energy 21.7 MeV and Fig. 8
for incident energy 15.3 MeV. One can see that; a quite good
fitting is archived for all considered densities without any
renormalization parameters (N, = N; = 1).
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Figure 7. Same as Fig 5 but using Usg.
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Figure 8. Same as Fig. 7 but at the incident energy 15.3 MeV

The GO density gives better fitting to the experimental data
both two energies. The values in Table 1 and Table 2 and all
results which we obtained show that 2PF and HF densities
have the same behavior. However, the sensitivity of the
results to the choice of the 8B density distribution decreases
with increases the incident energy.

4 Conclusions

In the present work, we use two different types of OM
potential to calculates the elastic scattering differential cross
section of the system 8B+27Al at incident energies 21.7 and
15.3 MeV. the first one is semi-phenomenological potential
(Ua) and the second is microscopic potential (Ug). The
microscopic potential is folded with four different density
distributions, 2PF, HF, VMC and GO density distributions.
The DDM3Y NN interaction is used in the folding process.
With only one adjustable parameter in Ua and without any
adjustable parameters in Ug, good fitting with the
experimental data is obtained. @ We found that the
dependence of the angular distribution on 8B density shape
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decrease when the incident energy increases. On other hand
the total reaction cross section increases with the increase of
the incident energy. At E=21.7 MeV and for Ua, all densities
produce total reaction cross section larger than that have
been calculated using full phenomenological potential,
while, vice versa for Ug.
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